Background: The role of the MYC oncogene in the apoptotic pathways is not fully understood. MYC has been reported to protect cells from apoptosis activation but also to sensitize cells to apoptotic stimuli. We have previously demonstrated that the down-regulation of Myc protein activates apoptosis in melanoma cells and increases the susceptibility of cells to various antitumoral treatments. Beyond the well-known role in the G1RS transition, MYC is also involved in the G2-M cell cycle phases regulation.
Introduction
The MYC oncogene is an extensively studied gene, implicated in various cellular processes including growth, proliferation, loss of differentiation and cell death. It has been widely ascertained that MYC gene encodes a transcription factor, which trans-activates many genes involved in the regulation of the cell cycle progression [1] [2] [3] [4] . Although many reported on involvement of MYC in the apoptotic pathways, the mechanism of its action is not yet fully understood [5] [6] [7] [8] . The ability of Myc to trigger apoptosis may represent a key to the control of tumor development. Apoptosis might be an intrinsic safety mechanism to limit the life of a cell with upregulated MYC expression, thus preventing further transformation. However, loss of this function through any additional mutation that prevents Myc from promoting apoptotic events will impact on cell survival. It strongly correlates with Myc expression to allow continued proliferation, mutation and cancer evolution of the affected clones. Even though under appropriate conditions Myc overexpression can lead to apoptosis [5, 6, 9] , also the down-regulation of Myc can sensitize the cells to the induction of apoptosis [10] [11] [12] [13] [14] . Our group as well have previously demonstrated that the Myc down-regulation is able to activate apoptosis and to sensitize melanoma cells to different antineoplastic agents [15] [16] [17] .
The activation of different cell cycle checkpoints in the various cell cycle compartments functions as mechanisms of cellular surveillance and protects cells from genomic instability and deleterious effects induced by genotoxic agents [18, 19] . MYC overexpression influences cell cycle checkpoints, allowing some tumor cells to survive drug treatment and favoring the selection of a subpopulation with increased genomic instability and drug resistance or with a more aggressive tumor phenotype [5] . This effect has been attributed to the ability of MYC to induce DNA damage, promote gross chromosomal rearrangements, induce inappropriate cell cycle progression and impair DNA repair [20] . An alternative mechanism by which Myc can regulate proliferation in normal cells and cause genomic instability in tumors has been suggested by Dalla Favera group in that Myc controls DNA replication in a non-transcriptional way [21] . Myc has also been recently recognized as an important regulator of ''stemness'' as it is able both to activate an embryonic stem cell-like transcriptional module and, when ectopically expressed, to increase the cancer stem cell fraction and enhance tumorigenicity [22, 23] . In addition, when Myc overexpressing cells are exposed to mitotic spindle poisoning, rather than resulting in the typical G2-M arrest seen in control cells, an aberrant round of DNA synthesis, without an intervening mitosis (endoreduplication), occurs producing an aneuploid state [24] . However, the exact mechanism through which Myc mediates this response is only partially characterized.
Normal human fibroblasts stimulated with MYC traverse the G1 and S cell cycle phases and then arrest in the G2 phase becoming frequently aneuploid probably because of endoreduplication [25] . It has been characterized a Myc domain which regulates G2 arrest [26] . Some checkpoints monitor proper assembly of the mitotic spindle and prevent abnormal segregation of chromosomes during the metaphase to anaphase transition [27] . Myc oncoprotein attenuates the spindle assembly checkpoint (SAC) specifically activated by microtubules inhibitors and induces polyploid cells [28] . In addition, in HeLa cells a-tubulin molecules bound Myc protein, probably functioning as reservoir to sequester and release the Myc protein [29] .
The aim of this study was to investigate the potential role of Myc in the survival signalling during G2 and M phases. We hypothesized that by reducing Myc expression the cells may not progress through M phase, arresting in the G2 phase and may activate the apoptotic program. We used the taxane paclitaxel (PTX) to block cells in the M phase and examined how the modulation of Myc could influence activation of apoptotic pathways in the G2 and M phases.
In order to distinguish the effective role of Myc from that exerted by p53 in microtubules damaged cells we chose a cellular model in which p53 is mutated and therefore unable to be activated after damage. We showed that Myc overexpression is able to reduce apoptosis and enhance endoreduplication induced by PTX in the p53-mutated M14 melanoma cell line. In addition, we localize Myc protein at the centrosomes during prometaphase. The presence of Myc at the spindle poles during the prometaphase could be necessary for the Myc-mediated attenuation of the SAC and the subsequent induction of endoreduplication.
Materials and Methods

Cell cultures and transfections
M14 human melanoma cell line (control cells) was cultured in RPMI-1640 medium supplemented with 10% fetal calf serum (Hyclone), L-glutamine (1%) and antibiotics at 37uC in a 5% CO 2 /95% air atmosphere in a humidified incubator.
M14 cell clones stably expressing an ecdysone-inducible MYC antisense mRNA were maintained in RPMI-1640, as above, in the presence of both G418 (GIBCO) and Zeocyn (Invitrogen) [16] . Ponasterone A (Invitrogen) was used to induce the MYC AS RNA transcription in pINDc-myc AS clone, with a dose of 20 mM every 24 h. The Myc down-regulated cells are called Myc (2) cells throughout the paper.
Generation of stable MYC overexpressing cell clones (called Myc (+) throughout the paper) was achieved by transfecting the control M14 cell line with the pCDNA3-hMyc plasmid expressing the full-length MYC coding sequence driven by the CMV promoter. Forty-eight hours after transfection, the cells were selected for 3 weeks in the presence of G418 (800 mg/mL).
C2C12 (American Type Culture Collection, CRL 1772) and C2C12-Myc [30] cells were propagated in proliferation Dulbecco's Modified Eagle's Medium (DMEM, GIBCO) with 4,5 g/ml of glucose, supplemented with 20% fetal calf serum (Hyclone), 20 mmol L-glutamine and antibiotics. The cultures were grown at 37uC under a humidified atmosphere of air with 5% CO 2 .
Caco2 cells (INSERM, Villejuif, France) were subcultured at 50% density in a 90% air/10% CO 2 atmosphere in DMEM containing 25 mM glucose, 3.7 g/L NaHCO 3 and supplemented with 4 mM L-glutamine, 1% non essential amino acids, antibiotics, and 10% heat-inactivated foetal calf serum (Hyclone).
HeLa cells were subcultured in a 95% air/5% CO 2 atmosphere in DMEM containing 25 mM glucose, 3.7 g/L NaHCO 3 and supplemented with 2 mM L-glutamine, antibiotics, and 10% heatinactivated foetal calf serum (Hyclone).
Treatments
To arrest the cells in the mitotic compartment we used paclitaxel (PTX). 1610 5 cells for each M14 cell line were seeded in 12-wells plates. Twenty-four hours after seeding, the MYC AS clone was induced with ponasterone; and after further 24 h all the three M14 cell lines were exposed to PTX for 24 and 48 h. At each time-point, cells were harvested and counted by using the trypan blue dye exclusion test.
C2C12 cells, diluted (1:13) and plated the day before, were treated for 15 h with PTX 100 nM. Cells were harvested, pooled with the culture supernatant, washed once in PBS and fixed in 70% ethanol for cell cycle analysis.
To inhibit Myc expression we also used a siRNA technology. The siRNA used were purchased from Qiagen: Hs_MYC_5 (#SI00300902), Hs_MYC_7 (#SI02662611), Hs_MYC_9 (#SI03101847), Hs_LOC731404_4 (#SI03528896) targeting different areas of MYC mRNA and AllStars (#1027280), a nonsilencing siRNA with no homology to any known mammalian gene, as negative control.
For the transfection procedure, M14 control cells were seeded in complete medium and 24 h after seeding cells were transfected with siRNA using the HiPerFect Transfection Reagent (Qiagen), according to the manufacturer's instructions. Briefly, siRNAs were incubated in serum-free medium with HiPerFect Transfection Reagent for 10 min at room temperature. Subsequently, the mixture was diluted with medium and added to each well. The final concentration of each siRNAs in each well was 25 nM.
To inhibit Myc transcriptional activity we used the Max(77-85) peptide previously validated [31] and synthesized by Cambridge Peptides (Birmingham, UK). Twenty-four hours after seeding Max(77-85) was added to the M14 control cells at the concentration of 25 mM, giving this dose every 12 h. After 36 h of exposure to the peptide cells were treated with PTX 30 nM for 24 h in the presence of the peptide.
qRT-PCR
M14 control cells were seeded in complete medium and after the different treatments cells were harvested and total RNA was extracted with the SV Total RNA Isolation System (Promega), including a DNase treatment before elution from the column. RNA (0.5 mg) was reverse-transcribed for 50 min at 42uC in a 40-mL reaction containing 200 ng of random hexamers (Amersham), 56 first-strand buffer (Invitrogen), 10 mM DTT, 0.25 mM deoxynucleotides (0.25 mM each dATP, dGTP, dCTP, dTTP, Invitrogen), 400 units of M-MLV RT (Invitrogen).
Equal amount of cDNA was taken for a subsequent quantitative real-time PCR carried out using an Applied Biosystems 7900HT Fast Real-Time PCR System instrument. Each PCR reaction contained sense and antisense primers at a concentration of 200 nM and the relevant UPL probe (Universal Probe Library, Roche) at a concentration of 100 nM in a final volume of 12 mL of FastStart Universal Probe Master (ROX) Reaction Mix (Roche).
The following sense and anti-sense primers and the relevant UPL probes were used: GAPDH (GenBank NM_002046.3) AGCCACATCGCTCAGACA and GCCCAATACGACCAA-ATCC, UPL probe #60; MYC (GenBank NM_002467.3) TTTTTCGGGTAGTGGAAAACC and TTCCTGTTGGTG-AAGCTAACG, UPL probe #75; INFG (GenBank NM_000619.2) GGCATTTTGAAGAATTGGAAAG and TTTGGATGCTCT-GGTCATCTT, UPL probe #21.
Apoptosis assays
Apoptosis was monitored by annexin V binding, measuring the mitochondrial membrane potential (DQ) and determining the activation of caspase 3.
Cells were harvested, pooled with the supernatant, washed once in PBS and processed for the different assays. Annexin V assay was carried out using the Vybrant Apoptosis assay kit #2 (Invitrogen) following the manufacturer's protocol and samples analyzed by FACS.
For the measurement of the DQ the JC-1 staining was used [32] . After washing in PBS, cells were incubated with JC-1 2.5 mg/ml for 20 min at room temperature, in the dark. After two washes in PBS samples were immediately analyzed by FACS. As control, we used a depolarized sample treated with ionophore Valynomicin for further 15 min after JC-1 staining.
Caspase-3 activation was analyzed by the Enz-check kit (Invitrogen) following manufacturer's kit protocol.
Cell cycle analysis
Cell cycle analysis was performed by both propidium iodide (PI) staining and pulse-chase bromodeoxyuridine (BrdU, Sigma) incorporation as previously described [15] .
For the BrdU pulse-chase experiments, a pulse of 10 mM BrdU was added to the cell culture during the last 30 min before harvesting. Afterwards, BrdU-free medium was added to the cell culture and analysis performed every 2 h for further 24 h. AntiBrdU (BD Biosciences, Italy) and FITC-conjugated F(ab9) 2 rabbit anti-mouse IgG (DAKO) antibodies were used to detect the BrdU.
MPM-2 staining
Mitotic cells were identified by staining with MPM-2, a mitosis specific marker. Control, Myc (2) and Myc (+) cell lines were exposed for increasing times (6, 12, 18, 24, 30, 42 h ) to 30 nM PTX. At each indicated time, cells were harvested, washed in PBS and fixed overnight in 70% ethanol at 220uC. Cells were then rehydrated in ice-cold PBS for 10 min and permeabilized in medium plus 20% FCS and 0.5% Tween 20 for 10 min. The samples were then incubated with anti-phospho-Ser/Thr-Pro/ MPM-2 conjugated with fluorescin-5-Ex,succinimidyl ester (Upstate) in medium containing 20% FCS and 0.06% Tween 20 at room temperature for 1 h. After three washes with PBS, cells were stained overnight with 5 mg/ml PI and 75 KU/mL RNase in PBS. Samples were then analyzed by FACS.
Accumulation of the cells in the G0/G1 phase
For the G0/G1 phase arrest the control M14 cells were treated with the antibiotic rapamycin (100 nM 24 h), which reduces cell proliferation. Treatment with rapamycin was performed giving the cells the dose before starting the PTX exposure.
Western blot analysis
The M14 control, Myc (2) and Myc (+) cells were treated with PTX 30 nM for 8 h, time at which apoptosis was not yet evident in order to avoid any interference with protein expression due to cell death. Untreated and treated cells were incubated in UREA buffer (8 M Urea, 100 mM NaH 2 PO 4 , 10 mM Tris pH 8), for 30 min on ice and then briefly sonicated. Proteins were subjected to SDS-polyacrylamide gels electrophoresis. The resolved proteins were blotted overnight to a nitrocellulose membrane, and the membranes were blocked in PBS 16 containing 5% NFM (NonFat Milk) for at least 1 h. Blots were then incubated with the following primary anti-human antibodies, Santa Cruz Biotechnology: anti-Myc polyclonal antibody (N262), anti-Myc monoclonal antibody (9E10), anti-p-c-Myc polyclonal antibody (Thr58/Ser62), anti-p-cdc2 polyclonal antibody (Tyr15), anti-cdc25C monoclonal antibody (H-6), anti-mad2 polyclonal antibody (FL-205), antiCyclin B1 polyclonal antibody (H-433), anti-p55 CDC polyclonal antibody (H-175); Dako: anti-bcl-2 monoclonal antibody (clone 124); Calbiochem: anti-cdc2 polyclonal antibody (Ab1); Chemicon International: anti-GAPDH monoclonal antibody (6C5), anti-BUBR1 monoclonal antibody (8G1); Oncogene Research: anti-HSP72/73 monoclonal antibody (Ab1). The relative amount of transferred protein in a given sample was quantified by scanning Xrays films and by estimating the relative arbitrary density units using the ImageQuant software. Each sample was normalized to the relative HSP 72/73, or GAPDH content and relative protein amount was calculated by referring Myc (2) and Myc (+) to the control untreated sample, and each treated sample to the correspondent untreated cells.
To study the kinetics of cyclin B1 degradation in the presence of PTX we analyzed cyclin B1 levels of expression in the M14 control, Myc (2) and Myc Immunofluorescence analysis and uptake of the fluorescent peptide
M14 Myc
(+) cells were seeded on coverglass supports in complete medium. Cells fixed with methanol were permeabilized in PBS containing 0.5% Tween 20 and blocked in 5% NFM. Myc was detected using the anti-Myc antibody 9E10 from Santa Cruz Biotechnology. Alexa Fluor 594 Goat anti-mouse was used as secondary antibodies. Antibodies were diluted in PBS containing 2% BSA and 0.1% Tween 20 and washes were carried out in PBS containing 0.3% BSA and 0.1% Tween 20 (washing buffer). Cells were then re-blocked in PBS containing 5% NFM and then incubated with the anti-a-Tubulin (DM 1A, Sigma) and with the FITC-goat anti-mouse F(ab9) 2 (Dako) antibody. After six washes with washing buffer the nuclei were stained with 1 mg/ml DAPI for 30 sec in PBS. Finally, cells were washed in PBS, briefly rinsed in ddH 2 O and glasses were mounted in ProLong Gold anti-Fade Reagent (Molecular Probes). Images were acquired through a fluorescence microscope Olimpus BX51.
To study the localization of Myc at the spindle poles we used a confocal laser scanning microscope (TCS SP5; Leica Microsystem, Wetzlar, Germany). The spindle poles were visualized by using ctubulin which is widely employed as marker for microtubule organizing centers [33] . The study was performed in four different cell lines (M14, Caco2, C2C12-Myc, HeLa). The antibodies used were: anti-Myc (monoclonal 9E10, polyclonal N262 and A14, from Santa Cruz Biotechnology; monoclonal 3C7, Chemicon) and anti c-tubulin (Santa Cruz Biotechnology). The secondary antibodies were: Alexa Fluor 594 Goat anti-mouse IgG, Alexa Fluor 555 Donkey anti-rabbit IgG and Alexa Fluor 488 Goat antirabbit F(ab9) 2 fragment antibodies. In order to avoid any possible cross-talk between secondary antibodies we chose antibodies generated in Donkey, a species known to show negligible crossreactivity, or F(ab9) 2 fragments. To exclude cross-talk between the emission spectra of fluorophores we acquired confocal images using the sequential acquisition modality. Brightness and contrast of the acquired images were adjusted, and .tiff files of separated and merged channels were exported using Leica Application Suite 6000. Figures were generated using Adobe Photoshop 7.0 and Adobe Illustrator 10.
To study the intracellular uptake and localization of the fluorescent Max(77-85) peptide, M14 control cells were seeded on m-slides 8 well (ibidi GmbH, Germany) in complete medium. After 24 h the TRITC-conjugated Max(77-85) peptide was added for 6 h in Optimem (Gibco). The medium was then replaced by fresh peptide-free Optimem containing HOECHST 33342 (Sigma Aldrich) at the concentration of 1 mg/ml and the cells were immediately analyzed by confocal microscopy as described above.
Results
Myc overexpression prevents the inhibitory effect produced by PTX in M14 melanoma cell proliferation
In this study we investigated the role of the MYC gene in the survival signalling during G2 and M phases. As death activator in such cell cycle phases we used the disruptor of microtubules PTX that is known to arrest the cells in the mitotic phase. We used two cell clones derived from the melanoma M14 cell line in which we modulated the expression of Myc protein. To reduce the levels of Myc expression, we employed the M14 pINDc-myc AS cell clone stably expressing a hormone/inducible MYC antisense RNA (named throughout this paper Myc (2) cells when treated with ponasterone as indicated in Materials and Methods) that we previously described [16] . We excluded that inducing antisense RNA in M14 cells caused interferon (IFN) signalling by studying the expression level of IFNc mRNA after ponasterone induction of the MYC AS RNA ( Figure S1 ). To overexpress Myc in the same cell line, M14 cells were transfected with the pCDNA3-hMyc. G418-resistant clones were isolated after a selection period of 3 weeks and their Myc expression levels were analyzed by Western blotting (data not shown). Figure 1A shows Western blot analysis of two out of ten of Myc overexpressing cell clones (clones 1 and 2). These two clones show a Myc protein increment of about 3-fold. In the figure are also shown the level of expression of Myc protein in the Myc (2) cells. As previously reported, 48 h of ponasterone exposure reduced the Myc level by more than 2-fold as compared to the parental M14 cell line (control cells) [16] .
To choose the optimal concentration of PTX to use in our experiments we calculated the PTX IC 50 value in control cells using four different PTX doses (1, 10, 30 and 100 nM) (data not shown). The PTX dose of 30 nM was chosen as optimal dose since represents the IC 50 in our experimental model. Figure 1B shows the effect of 30 nM PTX on cell growth rate of the Myc (2) and of the two Myc overexpressing clones compared to the control cell line. PTX inhibits cell proliferation in control cells by about 70% after 48 h of exposure. The PTX growth inhibitory effect was enhanced in Myc (2) cells, achieving values of about 90%. On the other hand, overexpression of Myc reduced the inhibitory effect produced by PTX on cell growth with inhibition of about 40%, indicating that Myc could play a central role in the survival mechanisms of such cells. Since the two Myc overexpressing clones showed similar levels of Myc and similar response to PTX in terms of cell growth, we chose to use for further experiments only the clone 1, referred throughout this paper as Myc (+) cells.
Myc overexpression prevents apoptosis induced by microtubules damage
High level of inhibition of Myc (2) cell growth produced by PTX was consistent with the marked activation of apoptosis induced by the drug. The measurement of apoptosis using Annexin V ( Figure 2A ) revealed that in control cells the disruption of microtubules by PTX induces a 21% cell death after 24 h of exposure to the drug. Apoptosis increased up to about 43% when Myc was down-regulated. Conversely, overexpression of Myc reduced the PTX-induced cell death down to about 15.5%. Figure 2B shows that PTX activated the death signaling via mitochondria, as demonstrated by the measurement of the mitochondrial membrane potential. Untreated and PTX-treated cells were stained with the lipophilic cationic fluorescent probe JC-1, which localizes into the mitochondria and reports the mitochondrial membrane potential. The down-regulation of Myc induced per se a depolarization of the mitochondrial membrane, as shown by the decrease of DW m (0.5 vs 0.7 in control cells), while overexpression of the oncoprotein did not alter significantly the DW m (0.69 vs 0.7 in control cells). PTX treatment decreased mitochondrial membrane potential by 21% in control cells (DW m = 0.54) and by 60% in Myc (2) (2) cells is consistent with the activation in the same cells of caspase 3 after 24 h PTX exposure ( Figure 2C ). We demonstrated the activation of caspase 3 in Myc down-regulated cells also using the siRNA methodology. M14 control cells were transfected for 24 h with four distinct siRNAs, targeting different areas of the MYC mRNA (siMyc5, siMyc7, siMyc9, siMyc LOC). We first verified the efficacy of such siRNAs on the expression of MYC mRNA as shown in Figure S2A . The strongest inhibition was elicited by the siMyc LOC. siMyc5 and siMyc7 showed a good inhibitory effect, while siMyc9 did not display any inhibitory activity. On the basis of the qRT-PCR results we chose, for further experiments, the siMyc LOC. To increase the efficacy of MYC silencing we also mixed the most effective siRNAs (siMyc Mix). In Figure S2B is reported the expression of MYC mRNA after silencing using siMyc Mix. As negative control the AllStars siRNA was employed in each experiment.
Treatment of M14 MYC silenced cells with PTX induced the activation of caspase 3 after 24 h of exposure ( Figure 2C ).
Since PTX treatment induces phosphorylation of the antiapoptotic protein Bcl-2 [34] , we analyzed Bcl-2 status by western blot analysis. As expected, PTX induced Bcl-2 phosphorylation in control cells. Such phosphorylation was still evident in Myc (2) cells, even though the overall level of expression of Bcl-2 was markedly reduced. By contrast, in Myc (+) cells the Bcl-2 was not phosphorylated after PTX treatment and only a slight decrease in its expression level was observed ( Figure 2D ).
Myc overexpression enhances the endoreduplication primed by PTX
To investigate the mechanism underlying the activation of apoptosis during the G2 and M phases in Myc (2) cells we studied distribution of control, Myc (2) and Myc (+) cells in the different cell cycle compartments after exposure to PTX 30 nM for 24 h. PTX arrested about 50% of the control cells in the G2/M phases. The inhibition of Myc expression reduced the percentage of M14 cells arrested in G2/M to 27%; while, overexpression of Myc resulted in a more evident arrest in G2/M after PTX (62%, data not shown). The Myc (2) cells, consistent with the reduced G2/M accumulation after PTX treatment, showed a reduced cell percentage in the .4N region (2% vs 14% in control cells, data not shown). These data indicate that the higher activation of apoptosis following PTX treatment in Myc (2) cells could be associated with the prevention of PTX-induced endoreduplication. PTX produces a non-complete arrest in mitosis. The cells which adapt to the PTX-induced damage can escape this block entering in a post-mitotic status G1-like [35] , with an interphase morphology and the ability to replicate, and hence duplicate DNA (endoreduplication) reaching a DNA content .4N. To clarify this point we performed a bromodeoxyuridine (BrdU) pulse-chase experiment with the three cell lines treated or not with PTX. After PTX treatment, cells were exposed to BrdU for a pulse of 30 min. BrdU incorporation was monitored immediately at the end of BrdU exposure and after 6 and 12 h. Figure 3A shows that down-regulation of Myc prevented PTX-induced endoreduplication compared to control cells. This effect was evident at the end of the PTX treatment (coincident with the end of the BrdU incorporation) and was maintained for subsequent 6 and 12 h, suggesting it was irreversible. By contrast, Myc (+) cells exhibited a higher percentage of .4N cells compared to control cells.
To confirm that the down-regulation of Myc prevented PTXinduced endoreduplication we also performed a BrdU incorporation experiment after silencing of the MYC mRNA in M14 cells. Figure 3B demonstrates that two different siRNA MYC silencing were able to block PTX-induced endoreduplication.
To demonstrate further that the inhibition of Myc avoids PTXinduced endoreduplication, we blocked Myc transcriptional activity using Max(77-85), as previously reported [31] . This peptide interferes with Myc-Max heterodimerization, resulting in impaired Myc transcriptional activity. A 48 h treatment of control cells with the Max(77-85) peptide significantly inhibited the transcription of two Myc target genes, nucleolin and ODC1, without affecting expression level of Myc protein (data not shown). Figure 3C shows that inhibition of the Myc-Max heterodimerization prevented PTX-induced endoreduplication. As control treatment we used a scrambled peptide sequence (see [31] ), which did not elicit any effect on the endoreplicative process primed by PTX exposure. In conclusion, these data suggested that the Mycinduced endoreduplication was dependent on Myc-Max heterodimerization.
Next we investigated the endoreduplication process using the non-tumoral mouse C2C12 cells (displaying barely detectable levels of Myc) and C2C12-Myc, overexpressing the Myc protein [30] . Figure 3D shows that, the PTX treatment elicited a relevant percentage of endoreduplication in C2C12-Myc cells (about 30%) as compared to parental C2C12 (about 2%). The PTX-induced apoptosis was also significantly higher in the C2C12 cells (about 17%) compared to the C2C12-Myc cells (about 2%).
To exclude the possibility that the apoptotic threshold could be lowered by the G0/G1 block produced by Myc down-regulation, we examined activation of the apoptotic pathway in control cells arrested in G0/G1 phase. To accumulate the cells in G0/G1 we used the antibiotic rapamycin which is known to arrest cells in this cell cycle compartment. Rapamycin, even accumulating the cells in the G0/G1 phase (71.4%), did not increase the level of apoptosis induced by PTX ( Figure 4A ). Interestingly, apoptosis was slightly decreased in rapamycin-treated cells (about 13%) compared to control cells (about 21% -see Figure 2A ). Furthermore, 
Myc down-regulation prevents G2RM transition
To measure cell entry from G2 phase into mitosis we used MPM2 staining and FACS analysis to calculate the mitotic index. The anti-MPM2 antibodies are a valuable tool for studying regulation of mitotic events since it recognises a subset of mitosisspecific phosphoproteins. Figure 5A shows that control and Myc Figure S3 ). On the contrary, only few Myc (2) cells showed a very slight increase of positivity for MPM2 antigen up to 42 h of PTX treatment. It is likely that the inhibition of Myc expression prevented these cells to enter the M phase thus arresting them in the G2 phase. These results are consistent with the block of endoreduplication observed in BrdU pulse-chase experiments (see. Figure 3 ).
To further support these results we analyzed protein levels of cyclin B1 as a measure of the G2RM transition in the presence of PTX. In Figure 5B are reported the western blot analysis in control, Myc (2) and Myc (+) cells of cyclin B1 evaluated at the indicated time from PTX exposure. Consistent with the very low mitotic index is the stabilization of cyclin B1 up to 20 h of PTX exposure in the Myc down-regulated cells demonstrating that the absence of Myc protein prevents the transition of the cells from the G2 to the M phase. By contrast, both control and Myc (+) cells did not show any relevant differences in the kinetics of cyclin B1 degradation up to 20 h of PTX exposure.
Next we examined in the three cell lines, with or without 24 h treatment with PTX, the expression levels and phosphorylation status of a number of proteins involved in the regulation of the G2 checkpoint ( Figure 5C ). The amount of Myc was distinctive of each cell line, as expected, and decreased following PTX treatment. PTX induced an increase of the phosphorylated Myc. All the lane of p-Myc were normalized for the total amount of the Myc protein in each cell line. Then the phosphorylation in all PTX-treated cells were compared to the control treated cells. Myc (2) cells show a higher level of Myc phosphorylation than the control cells and this is associated with absence of endoreduplication (see Figure 3) . Conversely, in the Myc (+) cells, showing a higher level of endoreduplication, the amount of Myc present in PTX-treated cells is scarcely phosphorylated. We consider the level of Myc phosphorylation inversely proportional to the ability of the cells to endoreduplicate, bypassing the mitotic PTX-induced arrest.
The level of cyclin B1 increased in all the three cell lines after PTX exposure. The amount of cdc2 decreased in Myc (2) cells and instead did not change in Myc (+) cells compared to control cells. cdc2 level in Myc (2) cells was increased about 2-fold in PTX treatment, while it was not affected in control and Myc (+) cells. The phosphorylation status of cdc2 in control cells increased 1.5-fold after PTX treatment, indicating a reduction of the kinase activity induced by microtubule damage. By contrast, in Myc (+) cells cdc2 did not appear to be phosphorylated after PTX treatment, supporting the hypothesis that Myc overexpression may allow bypassing the PTX-mediated arrest in mitosis, thus increasing the amount of endoreduplication. After PTX treatment, in the control and Myc (2) cells the phosphorylation status of the mitosis-inducing phosphatase Cdc25C and of cdc2 increased together, while in the Myc (+) cells the very low level of cdc25C phosphorylation correspond to a very low cdc2 phosphorylation.
A quantitative densitometric analysis of the amount of the specific protein analyzed in each sample was performed for each blot and the results are reported in the Figure S4A .
Myc localizes at the spindle poles in prometaphase
To investigate the status of the mitotic spindle assembly checkpoint (SAC) we initially studied the expression level of some protein involved in the regulation of this checkpoint. In Figure 6A is reported the western blotting of three proteins which monitor the SAC. Expression level of the MAD2 protein follows the levels of Myc, increasing when Myc is overexpressed and decreasing, instead, with the Myc down-regulation, confirming that Myc regulates the transcription of MAD2. Following PTX treatment MAD2 increased in control cells and slight increased in Myc (2) cells, indicating that it may be necessary for the PTX-induced activation of the SAC. Conversely, MAD2 decreased significatively in the Myc (+) cells treated with PTX, suggesting that the overexpression of Myc may weaken the mitotic checkpoint. As for MAD2 the expression level of BubR1 decreases in Myc downregulated cells, while it increases when Myc is up-regulated. Conversely, it does not significantly change after PTX in all the three cell lines. p55 CDC, homologous of the yeast Cdc20, was found decreased in the Myc down-regulated cells. A statistical densitometric analysis for each blot presented in Figure 5C is reported in the Figure S4B .
To go insight the involvement of Myc in the SAC we studied the Myc intracellular localization during the mitotic process. Figure 6B shows Myc protein localization in Myc (+) cells at three subsequent phases during mitosis. During the prophase Myc immunofluorescence appeared distributed in subnuclear domains in a number of intensely fluorescent spots which tended to aggregate, during the subsequent prometaphase the immunofluorescence intensity decreased throughout the nucleus with the exception of the spindle poles, and finally faded away during the anaphase. Figure 6C show the selective localization of Myc at the centrosome silenced using two different siRNAs in M14 cells for 24 h and then exposed to PTX for further 24 h. As control we used the AllStars siRNA (see during the prometaphase in different cell lines (M14, Caco2, C2C12-Myc and HeLa). We verified that co-localization of Myc with c-tubulin occurred only during the prometaphase (data not shown). The prometaphase-specific localization of Myc at the centrosome suggests a direct role of Myc in the mechanism controlling the endoreduplication. The same prometaphasespecific localization of Myc was observed also, even if more faintly, in the M14 control and Myc (2) cells (data not shown). The prometaphase specific localization of Myc was visible using both the 9E10 (see Figure 6B and C) and the A14 (data not shown) antibodies, but not the N262 and the 3C7 antibodies ( Figure S5 ). Since the 9E10 and A14 antibodies both recognized the Cterminal domain of the Myc protein while the N262 and the 3C7 are directed versus the N-terminus of the protein, the most feasible explanation is that Myc may interacts through its N-terminus with an unknown protein of the centrosome. This hypothesis is explained in the scheme of the Myc protein reported in Figure S6 .
Next we examined the prometaphase-specific Myc localization by using a non-immunologic technique. For this purpose we studied the intracellular distribution of TRITC-conjugated Max(77-85) and SCR peptides, described above [31] . Control cells were incubated for 6 h with the fluorescent peptides and immediately analyzed by confocal microscopy. Figure 6D shows the intracellular distribution of the Max(77-85) and the SCR fluorescent peptides. The Max(77-85) peptide, which specifically binds Myc protein, during the prometaphase was visibly concentrated at a position which strongly reminded the two spindle poles, while the control fluorescent SCR signal was diffuse in the cytoplasm.
Discussion
In this study we demonstrate that the activity of Myc reduces the PTX-induced apoptosis and enhances the endoreduplication primed by the disruption of microtubules. We have used three different strategies to modulate negatively Myc activity in our cellular model, the melanoma derived M14 cell line. First we used a cell clone in which the expression of Myc is down-regulated by an inducible MYC anti-sense RNA using the Drosophila hormone ecdysone [16] . Secondly we silenced MYC mRNA in M14 cells by using siRNA directed to MYC mRNA. The third approach was to inhibit Myc transcriptional activity with the Max(77-85) peptide that blocks Myc-Max heterodimerization reducing the activity of promoters activated by Myc and decreasing the expression of Myc gene targets [31] . Inhibition of Myc transcriptional activity using these peptides without significantly altering the expression level of the oncoprotein, allowed us to separate effects of Myc that are not dependent on its transcriptional activity.
To simulate a Myc overexpression status, we selected M14 clones that stably express 3-fold higher level of Myc protein than the parental cell line.
Here we have focused on the role of MYC gene in the survival signaling during the G2 and M phases. To activate apoptosis in these phases of cell cycle, we used PTX, a drug that induces suppression of spindle microtubule dynamics and inhibits mitosis occurrence [35] . We show that Myc overexpression protects cells from PTX-induced apoptosis and enhances endoreduplication primed by PTX. We have previously reported that the downregulation of Myc in melanoma cells is able to activate apoptosis [16] and to increase the apoptotic response to a variety of anticancer treatments including cis-platin [36] , c-irradiation [15] , melphalan [17] , thus enhancing their antitumoral effect. Also Chow and colleagues [13] reported that the down-regulation of Myc determines the sensitivity of acute myeloid leukemia to the 2-Methoxyestradiol which displays antitumoral activity. Our data are also in agreement with Zhang and colleagues [11] who demonstrated that Myc down-regulation sensitize medulloblastoma cells to resveratrol-induced apoptosis. On the other hand, Evan and his colleagues have repeatedly demonstrated that MYC gene overexpression enhances apoptosis upon survival factors deprivation [5, 6, 9] . Also Sheen et al. [37] demonstrated that ectopic overexpression of MYC sensitizes normal human mammary epithelial cells to c-irradiation-induced apoptosis, even though they observed an attenuation of the mitotic checkpoint. It is important to note that substantial differences exist between the cellular model utilized by Sheen and colleagues and the melanoma model used by us as in our melanoma model, p53 is mutated [15] . Since it has been demonstrated that MYC gene is negatively regulated by p53 [38, 39] we deliberately chose a p53-mutated cell line in order to study the effective activity of Myc on cell survival avoiding the involvement of the tumor suppressor protein, p53 that is widely known to activate apoptotic cell death. Adhikary and Eilers [2] reviewed two main distinct pathways through which Myc can induce apoptosis either in a p53-dependent orindependent manner. The first consists in Myc induction of the expression of p19ARF which stabilizes p53 [40, 41] , and the second in the promotion by Myc of the cytochrome C release from mitochondria in a p53-independent manner [42] . The latter pathway is partly mediated by the BH3-only protein Bim, which is also induced by Myc [43] . However, both p19ARF and Bim are not direct target of Myc and their mechanism of activation has not completely clarified [44] . On the other hand, an exogenous expression of Myc promotes proliferative activity of the cells and confers them a survival advantage. As support to this conclusion is the measurement of the cell cycle phase's length of the three cell lines, obtained by BrdU pulse-chase experiments: Myc (+) cells show a shorter cell cycle length (13 h) than the control (16 h), while the Myc (2) cells have a very prolonged cell cycle duration (26 h) (data not shown).
We also show that treatment with rapamycin, which is known to arrest cells in G0/G1 did not increase apoptosis after PTX exposure. It may have rather a preventive effect demonstrating that is not the arrest in G0/G1 which favors the activation of apoptosis. These findings further support the hypothesis that the inhibition of Myc protein may be directly responsible for the enhancement of PTX-induced apoptosis.
The cellular response to PTX includes besides cell death another remarkable phenotype, which is the DNA endoreduplication of arrested mitotic cells. Our results support the idea that the overexpression of Myc may cause a weakening of the spindle checkpoint, explaining the marked increase in endoreduplication observed in Myc (+) cells exposed to PTX. We hypothesized that Myc down-regulation could allow restoring the mitotic checkpoint preventing aberrant mitoses. Indeed, either the decrease of Myc expression or the inhibition of Myc-Max heterodimerization impairs PTX-induced endoreduplication. This is in agreement with Zanet and colleagues [45] , who demonstrated that the suppression of Myc activity in epidermis impaired the keratinocytes endoreduplication required for the cell enlargement that occurs during normal post-mitotic differentiation.
Many tumor cells have only partially functional cell cycle checkpoints, which may influence the cytotoxic effect of antitumor drugs. This effect may be either p53 dependent or p53 independent [46] . In tumor cells that frequently have nonfunctional p53, DNA-or microtubules-damage principally leads to cell cycle arrest in the M phase due to prevention of the activation of the master mitotic kinase Cdk1/Cdc2 [47, 48] . Cells are effectively arrested in prometaphase and a molecular device, the spindle assembly checkpoint (SAC), whose components localize at kinetochores, function as a ''proofreading network'' by creating a diffusible signal indispensable to delay anaphase progression thus ensuring the prevention of aberrant mitosis. The diffusible signal operated by the SAC consists of two main molecules, BubR1 (costitutively bound to Bub3) and MAD2 that together forms the mitotic checkpoint complex, the critical effector of the SAC. This complex binds and inhibits another protein, p55 CDC (eukaryotic homologue of the yeast cdc20). p55 CDC is the essential activator of the anaphase-promoting complex (APC), an E3-ubiquitin ligase, that finally targets, for degradation by the proteasome, cyclin B and other proteins that need to be degraded at the right time to allow the cells to proceed to anaphase [49] . Our data show that the M14 control cells possess a functioning SAC since MAD2 level increases after PTX treatment and only few cells escape the mitotic arrest produced by the PTX activity. According to data reported by Menssen and colleagues [50] who demonstrated that MAD2 is transcriptionally regulated by Myc, in our model MAD2 expression levels increased when Myc was up-regulated, conversely a reduced expression of MAD2 was obtained in Myc (2) cells. Consistently with the hypothesis that the up-regulation of Myc could interfere with the SAC function, MAD2 expression decreased in Myc (+) cells exposed to PTX. Wassmann and colleagues have reported that MAD2 protein is highly phosphorylated when cells escape from nocodazole-induced checkpoint arrest reducing its level of expression [51] . The decreased expression of MAD2 found in Myc (+) cells after PTX treatment could be ascribed to the MAD2 phosphorylation which occurs in the cells which escape PTX-induced checkpoint arrest. On the other hand, MAD2 level does not significantly change in Myc (2) cells after PTX exposure. This is likely due to the arrest of the cells in the G2 phase, which probably prevents the activation of the SAC. This conclusion is supported by the analysis of the mitotic index evaluated by MPM2 FACS positivity and by the kinetics of cyclin B1 degradation during PTX exposure; in fact Myc (2) cells show a low mitotic index after PTX exposure, which instead is higher in control and Myc (+) cells. These data are consistent with stabilization of cyclin B1 during PTX exposure, further demonstrating that the Myc (2) cells do not underwent the mitotic slippage which occurs during PTX treatment.
Importantly we show for the first time that Myc localizes at the spindle poles during the prometaphase. This selective localization have been observed in four different tissue-derived cell lines implying that spindle poles localization is a conserved mechanism. The selective localization in the prometaphase stage confirmed in four different cell lines strongly suggest the possibility of a functional binding to an unknown protein. In addition, this localization is only detected using antibodies that recognize the Cterminal domain of Myc protein, indicating that its binding to the spindle pole structures occurs through the N-terminal domain to a still unidentified protein. One possibility is that Myc could bind the microtubules and the a-tubulin. Interestingly, Alexandrova and colleagues [29] have demonstrated that the N-terminal domain of Myc associates with the a-tubulin molecule and microtubules. It is known that the Myc-a-tubulin interaction is disrupted during mitosis by a specific phosphorylation of Myc at Thr-58, suggesting that the loss of such interaction at mitosis may be a physiological requirement for cell division [52] . We hypothesize that the presence of Myc at the centrosomes during the prometaphase could be necessary for the Myc-mediated attenuation of the SAC and the subsequent induction of endoreduplication. This hypothesis is schematized in Figure 7 .
In addition, our data strongly suggest that the use of taxane in antitumor therapeutic strategies should be rationally based on the molecular profile of the individual tumor by specifically analyzing Myc expression levels. 
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